Back pain and scoliosis in children most commonly present as benign and self-limited entities. However, persistent back pain and/or progressive scoliosis should always be taken seriously in children. Dedicated diagnostic work-up should exclude etiologies that may result in significant morbidity. Clinical evaluation and management require a comprehensive history and physical and neurological examination. A correct imaging approach is important to define a clear diagnosis and should be reserved for children with persistent symptoms or concerning clinical and laboratory findings. This article reviews the role of different imaging techniques in the diagnostic approach to back pain and scoliosis, and offers a comprehensive review of the main imaging findings associated with common and uncommon causes of back pain and scoliosis in the pediatric population.
Introduction and clinical approach
The complaint of back pain in children should always be taken seriously. In a child with persistent back pain, an underlying disorder should be excluded. 1 A delay in diagnosis may result in adverse clinical consequences. Back pain in children is often the manifestation of a benign self-limited process, but it may be secondary to inflammatory, infectious, neoplastic, or congenital etiologies. Timely evaluation of back pain in children is important in order to provide appropriate management, prognosis, and reduce complications. The clinical history should detail the location, mechanism, onset, and quality of the pain, duration and frequency, as well as the area to which the pain may radiate. Acute onset of back pain may be secondary to trauma or disc herniation. Pain that occurs at night and awakens the child may, however, be associated with tumors or infection, 2 as is the case with fever and other systemic symptoms occurring in conjunction with back pain. 3 Pediatric causes of chronic pain also include inflammatory spondyloarthropaties, developmental disorders such as Scheuermann kyphosis, or psychological problems. 4 Clinicians must be aware of alerting symptoms (''red flags''). They include pain in prepubertal children (particularly children younger than four years of age), acute trauma, progression of symptoms over time, neurological abnormalities, interference with daily activities, pain lasting more than four weeks, history of malignancy or tuberculosis exposure, recurrent or worsening pain, radicular pain, night pain that disrupts sleep, point tenderness, limitation of motion, postural changes, limp, altered gait, or fever. 5 Currently, there is mounting evidence that children are commonly affected by both acute and chronic back pain. The increasing number of predominantly adolescents presenting with back pain is related to static physical actions such as long standing, sitting, or lifting weights during daily activities. It is known that there is a constant change of individual biomechanics during the pubertal growth spurt, and that the muscle force and the proprioceptive capacities are secondary to the bony driving force of growth. 6 Therefore, children and adolescents seem to be more susceptible to muscular overload and functional pain if the demands are high (elite sports) or the individual physical condition is bad (excessive sitting time watching television or using a computer, or flexing their necks while using a smartphone). Beyond those dynamic biomechanical pathogenic factors, the growth zones themselves also become injury-prone zones in puberty, since they are mechanically less resistant.
Childhood scoliosis is a common clinical entity with numerous causes. Scoliosis is usually deEned as a lateral curvature of the spine of >10 , and it is estimated that 2% of children are affected at some stage of their life. 7 The etiology of the spinal deformity may be idiopathic (80% of cases), particularly in adolescents. It may, however, be associated with underlying systemic syndromes, secondary to a neuromuscular condition (10% of cases), skeletal dysplasia, or secondary to congenital spinal deformity in 10% of cases. 8 Scoliosis is classified as early onset when clinical and radiological symptoms occur before 10 years of age. 9 Bone tumors and intraspinal neoplasms may also present with back pain and associated scoliosis. 10 Several clinical findings are associated with an increased risk of an intraspinal anomaly and should prompt magnetic resonance imaging (MRI). These include a left thoracic curve, short segment curve (four to six levels), absence of apical segment lordosis, rapid curve progression (>1 per month), functionally disruptive pain, focal neurologic findings, male sex, pes cavus, and other organ anomalies. 11 There is etiological and significant clinical overlap between scoliosis and back pain. Spinal asymmetry or scoliosis is a major risk factor for back pain. Adam's forward bend test and scoliometers are the two more useful clinical screening methods for the early detection of scoliosis. 12 After a short discussion of the imaging indications and protocols for back pain and scoliosis in children, this article reviews the imaging findings of the most common and relevant causes of pediatric back pain and scoliosis.
Imaging indications and protocols for back pain and scoliosis
Children with back pain of short duration, normal physical/neurological examination, and no history of trauma do not require further laboratory or imaging evaluation. 13 Imaging should be reserved for children with persistent back pain and concerning clinical/ neurological and abnormal laboratory findings. The presence of ''red flags'' or abnormal neurologic examination should prompt immediate imaging (Table 1) .
Clinicians must be mindful of the amount of radiation exposure associated with conventional radiography and computed tomography (CT) in children. Alternative imaging modalities such as MRI and, in select cases, ultrasonography (US) should be considered. Plain radiographs are the most commonly used imaging modalities for initial evaluation of both scoliosis and back pain, and should include both frontal and lateral views of the spine, when possible with collimation of the area of interest. 14 Cobb angle measurement remains the main standard for the evaluation of scoliosis. It is defined by the angle of a scoliotic curve formed by the intersection of two lines: one parallel to the upper endplate of the superior most tilted vertebra, and the other parallel to the lower endplate of the inferior most tilted vertebra. A progressive curve that requires management is defined by a Cobb angle increase of 5 between consecutive radiographic examinations. 14 CT is widely accepted as the gold standard for the evaluation of osseous structures and acute trauma, and to monitor fracture healing, but it may fail to detect early or subtle stress injuries. CT may also be nondiagnostic in children with spinal cord injury without radiographic abnormalities (SCIWORA) where injury is confined to non-osseous structures. To limit dose exposure, CT imaging should be restricted to the region of interest while taking advantage of modern dose-reduction techniques. 15 MRI is the only modality that directly visualizes the spinal cord, ligaments, and intervertebral discs. It is optimal in the evaluation of paraspinal or intraspinal disorders. MRI without contrast is often able to determine a cause of mechanical back pain such as disc herniation or spondylolysis. T2weighted imaging with fat suppression techniques is optimal to assess bone-marrow edema and paraspinal pathology. Fat-suppressed T2-and contrast-enhanced T1-weighted MRI sequences are ideal for the evaluation of infectious and neoplastic disease involving the vertebrae, discs, paraspinal soft tissues, and spinal cord. Diffusion-weighted imaging (DWI) has shown value in identifying acute cord ischemia, intraspinal abscesses, and bone-marrow abnormalities. Advanced MRI modalities, such as diffusion-tensor imaging, are not yet fully incorporated into clinical practice for spinal studies in children because of significant 16 Nuclear medicine imaging may help in cases of persistent back pain with negative findings on plain radiographs, CT, and/or MRI. A Tc-99 m whole-body bone scan has a high sensitivity in detecting stress fractures and most bone lesions with osteoclastic activity. 17 In summary, a precise evaluation of a child with suspicious back pain and/or scoliosis requires precision neuroimaging in which each imaging modality should be carefully chosen.
Common causes of back pain in children

Spondylolysis and spondylolisthesis
Lumbar spondylolysis and spondylolisthesis are the most common causes of low back pain in children older than 10 years and are characterized by reproducible point tenderness. 18 Spondylolysis is a stress injury/ fracture of the pars interarticularis. It is more frequent in young males, and the vast majority (85-95%) of osseous defects occur at the L5 level. The prevalence is higher in adolescent athletes, likely secondary to repetitive micro-trauma or excessive hyperextensions of the developing skeleton. 19 Spondylolysis can also occur in association with congenital spinal abnormalities and with scoliosis. With continued biomechanical stress, spondylolysis can progress to spondylolisthesis with anterior displacement of the affected vertebral body, and is possibly complicated by stenosis of the spinal canal and/or neural foramina at the affected levels.
Plain radiographs acquired in oblique projection show a focal band-like lucency with adjacent sclerosis or elongation of the pars interarticularis. MRI shows in the acute phase increased signal on T2-weighted images in the region of the pars interarticularis, secondary to marrow edema. A defect in the pars interarticularis is demonstrated as a linear hypointensity on sagittal T1weighted images. 12 CT is the most reliable modality to depict the pars interarticularis defect/fracture, and should be performed focused on the region of interest to minimize radiation exposure (Figure 1 ).
Trauma and degenerative conditions
Vertebral fractures are overall less frequent in young children compared with the adult population. Dislocations, ligamentous injuries, epiphyseal detachments, and lesions of the ossification centers, however, are more frequent. 20 Cervical fractures and craniocervical ligamentous injuries occur more frequently in younger children, while thoracolumbar fractures are more common in older children and adolescents. 14 History and local tenderness may suggest a vertebral fracture. Plain radiographs are useful in assessing the stability of the vertebral spine evaluating the degree of compression of a vertebral body. If the compression is >50%, CT is indicated to evaluate anterior and middle spinal column involvement. 21 Intervertebral disc herniation in children tends to present with milder neurological symptoms (e.g., numbness and weakness) in comparison with adults. 22 One distinctive feature is that up to 90% of patients have a positive straight-leg raising test, which can be explained by the finding that children and adolescents tend to have a greater nerve root tension than adults. Disc herniation in children is often accompanied by a fracture of the adjacent vertebral end plate. MRI is the imaging of choice in evaluating pediatric intervertebral disc disease. 23 Scheuermann disease is an osteochondrosis presenting in late childhood and early adolescence, and is characterized by a slowly progressive Exed or stiff kyphotic deformity of the thoracic or thoracolumbar spine. Back pain typically increases with physical activities. Etiologies include genetic factors and repetitive microtrauma. Radiographic criterion for diagnosis is >5 of anterior wedging of at least three adjacent vertebral bodies. 13 
Infectious and inflammatory diseases
Back pain in children can be caused by various inflammatory and infectious disorders of the spine, spinal cord, nerve roots, meninges, vertebrae, discs, and epidural space. 23 Disorders primarily involving the spinal cord include inflammatory/auto-immune disorders and infectious disorders of bacterial, viral, fungal, or parasitic etiology.
Acute transverse myelitis (ATM) is an inflammatory condition associated with rapidly developing progressive motor, sensory, and autonomic dysfunction and/or acute onset of back pain in up to 70% of children, most commonly between 10 and 19 years of age. 24 Etiology includes idiopathic forms and entities such as acute disseminated encephalomyelitis (ADEM), neuromyelitis optica (NMO), multiple sclerosis, and ischemic, paraneoplastic, and post-radiation myelitis. Differential diagnosis includes acute spinal cord infarction. Symptoms are usually bilateral and include newonset of back pain, paraparesis, sensory impairment, and sphincter dysfunction. MRI criteria for myelitis include normal or slightly expanded spinal cord showing diffuse or patchy hyper-intensity on T2-weighted images. There may also be patchy enhancement after gadolinium administration. The conus medullaris is frequently involved ( Figure 2 ). 25 Diffusion-weighted/ tensor imaging typically reveals predominantly vasogenic edema.
Infectious discitis and vertebral osteomyelitis are particularly common in children between the ages of 2 and 12 years, and mostly affect males (M:F ratio of 3:1). 26 CT findings depend on the phase of infection, and include cortical erosion, sclerosis, disc hypodensity, reduced disc height, gas within the disc, soft tissue infiltration, and various degrees of spinal canal involvement. MRI is the gold standard to conErm the diagnosis, especially because of its high sensitivity in detecting early abnormal signal within the disc or bone marrow. MRI should include T1-weighted images and T2-weighted images with fat saturation (or STIR). In the early stages of infection, imaging studies show a reduction in disc height and abnormal T2-hyperintense signal, with enhancement after contrast administration. With advancing disease, the endplates and vertebrae become T2-hyperintense. Later, infection may spread into the epidural space forming a phlegmon or epidural abscess with potential thecal sac compression In children with symptoms suggestive of infection but negative biopsy and/or cultures, one differential diagnosis to consider is chronic recurrent multifocal osteomyelitis (CRMO), a sterile skeletal inflammation occurring primarily in childhood and adolescence, predominantly in girls. The thoracic spine is most commonly involved. MRI typically shows vertebral involvement with sparing of the intervertebral discs. 28 
Neoplasms
Vertebral and spinal cord neoplasms are overall rare in children. The most common age of presentation is toward the end of the first decade and the beginning of the second decade of life, with no sex predilection. 29 Persistent and localized back pain that is worse at night may be a leading clinical complaint in 25-30% of children with a spinal cord tumor. Others key clinical features include progressive focal scoliosis, motor weakness, long tract signs, gait disturbance, and muscle rigidity with paraspinal muscle spasm adjacent to the affected spinal cord levels.
Benign neoplasms of the vertebrae include osteoid osteoma, osteoblastoma, and aneurysmal bone cyst. Malignant neoplasms include Ewing sarcoma, lymphoma, neuroblastoma, Langerhans cell histiocytosis, and metastatic disease. The most frequent intramedullary tumors include astrocytoma and ependymoma, and are most commonly located in the cervical spinal cord. Intradural extramedullary tumors typically include meningioma, nerve sheath tumors, and drop metastasis from cerebrospinal fluid (CSF) spread of intracranial malignancy (Figure 3 ). 30 Osteoid osteoma and osteoblastoma are usually located within the lumbar spine involving the lamina or pedicle. Patients typically report back pain at night, relieved by nonsteroidal anti-inflammatory drugs and aspirin. Plain radiographs and CT imaging typically show a radiolucent nidus surrounded by sclerosis, while MRI better depicts the surrounding bonemarrow edema in more detail. Nuclear medicine studies may be helpful to identify/localize the lesion. Osteoblastoma usually measures >2 cm in diameter. Similar to osteoid osteoma, the lamina and pedicle are the most frequent locations. They can mimic an aggressive malignancy or an intraosseous vascular malformation. MRI typically shows a T2-isointense to hypointense lesion with foci of calcification, and edema in the surrounding bone marrow and soft tissues. 31 Malignant lesions of the spine include leukemia, metastases, and primary malignant tumors such as osteosarcoma and Ewing sarcoma. More than 40% of all malignancies affecting the pediatric population arise from the lymphoreticular system. 32 Osteosarcoma commonly involves the posterior elements of the spine. Sclerotic involvement of the vertebral body, however, is not uncommon and may produce an ''ivory vertebra'' appearance on radiography. CT more readily characterizes osseous involvement, while MRI is particularly helpful for the evaluation of soft extension. The tumor is usually hypointense on T1weighted images and hyperintense on T2-weighted images. 33 Ewing sarcoma closely follows osteosarcoma among the most common primary osseous malignancies of childhood, with peak incidence in the second decade of life. Primary Ewing sarcoma of the spine occurs in only 10% of cases and is rare without associated sacral involvement. 34 On radiographs and CT, the majority of Ewing sarcomas of the axial skeleton present as a lytic expansile lesion with aggressive periosteal reaction, often affecting the posterior elements of the lumbar spine or sacral ala. MRI more precisely defines the bone-marrow infiltration and soft-tissue extent of disease, including epidural extension.
Intrinsic lesions of the spinal cord account for 0.5-1% of all central nervous system neoplasms. Spinal cord tumors typically present with pain and progressive motor dysfunction followed by gait disturbance, torticollis, and scoliosis. Back pain is present in 25-60% of patients. 35 The most frequent tumors of the spinal cord are pilocytic and anaplastic astrocytomas (60% gangliogliomas) and ependymomas. Their relative frequency changes with age. Ependymomas are rare before the first decade, whereas astrocytomas are most common in early childhood. Astrocytomas usually involve not more than the length of four vertebral bodies, are most common at the cervicothoracic junction, and are located eccentric within the cord. 36 Neoplastic tissue usually extends beyond the solid enhancing component with astrocytomas. On MRI, astrocytomas are seen as T2 hyperintense lesions with poorly defined margins due to their infiltrative morphology (Figure 4 ). Ependymomas are slower growing and less infiltrative than astrocytomas, are typically located around the central canal in the cervical spinal cord, and tend to compress and displace the adjacent spinal cord tissue. Frequently, a clear cleavage plane may be seen on MRI. Peritumoral cysts, either from tumoral fluid secretion or CSF obstruction, are seen in up to 80% of ependymomas and occasionally in astrocytomas. Many ependymomas reveal high vascularity with multiple small feedings vessels and strong contrast enhancement. A rim of T2-hypointense signal around the mass, reflecting chronic hemorrhage, is more suggestive of an ependymoma and is best seen on T2*-or susceptibilityweighted imaging ( Figure 5 ). Associated focal dilatation of the central canal may be seen. Differentiation between tumor cysts and focal, cystic dilatation of the central canal is essential to prevent tumor recurrence after surgery.
Other less frequent tumors may be found within the spinal cord such as hemangioblastoma ( Figure 6 ), neurocytoma, ganglioneuroma, lymphoma, embryonal tumor, or oligodendroglioma.
Other conditions
Langerhans cell histiocytosis (LCH) is a disorder secondary to overproduction and accumulation of histiocytes, most frequently seen in boys. In the spine, the thoracic vertebrae are most commonly involved, with the posterior elements usually spared. LCH is the most frequent cause of solitary vertebra plana in young people. 37 MRI is helpful in demonstrating vertebral disc preservation and the presence of epidural softtissue extension (Figure 7) . 38 Neurofibromatosis type 1 is an autosomal-dominant genetic disorder involving both neuroectodermal and mesenchymal elements. Scoliosis and back pain are considered the most common skeletal manifestation in patients with neurofibromatosis type 1, occurring in approximately one fourth of patients. The classic curve pattern in neurofibromatosis type 1 is a shortsegment kyphoscoliosis of the upper thoracic spine described as short, sharp angular curve. 39 Dural ectasia is another common finding and results in scalloping of the posterior wall of the vertebral bodies (Figure 8) .
Bone-marrow infarctions should be in the differential diagnosis of acute back pain in children with sicklecell disease.
Vascular diseases of the spine are an uncommon cause of back pain in children, as they account for only 2-4% of all spinal diseases. 40 Acute spinal cord infarction typically involves the conus medullaris, and may present as involvement of the anterior spinal cord or of the central gray matter columns bilaterally (''owl eyes'' appearance). Lower extremity weakness is usually the dominant sign. Spinal cord hemorrhage is rare in the pediatric age group. Hematomyelia can be caused by bleeding secondary to coagulation disorders, trauma, or vascular malformations. The main symptoms include disturbances of movement, as well as sensory, bowel, and bladder disorders. Pain in the neck, thorax, and back may typically occur.
Visceral diseases such as urinary tract infection, hydronephrosis, ovarian cysts, and inflammatory bowel disease may also cause referred back pain in children. In children with back pain, it is important to review the entire imaging volume carefully, and one should not just focus on the spinal cord and osseous structures.
Types of scoliosis in children Adolescent idiopathic scoliosis
Adolescent idiopathic scoliosis (AIS) is defined as lateral deviation of the spine associated to rotation of the vertebrae in an otherwise healthy subject, without any known cause for the deformity. 41 Idiopathic scoliosis is classified by age of onset as infantile before three years of age, juvenile between 3 and 10 years of age or before puberty, and adolescent when detected after 10 years of age or post puberty. The overall reported prevalence of AIS is up to 5.2%, with a female to male ratio ranging from 1.5:1 to 3:1. 42 AIS is a diagnosis of exclusion. Back pain can be present in patients with curves with a Cobb angle >50 , while thoracic curvatures >100 may affect lung function significantly. 43 The most common type of curve in AIS is a right thoracic, left lumbar S-shaped curve (Figure 9 ).
Congenital scoliosis
Congenital scoliosis may be the result of several developmental abnormalities of the spine that are present at birth. 10 Chiari 1 deformity is the most common incidental Ending when children with AIS are imaged. Hydro-or syringomyelia is seen in 30% of people with Chiari type 1 deformity. Scoliosis is reported in 25-85% of syringohydromyelia cases. 44 MRI is the gold standard imaging to detect both tonsillar descent and the presence of hydromyelia and/or syringomyelia, which may affect just one short segment up to the entire longitudinal extension of the cord (Figure 10) .
Spinal segmentation anomalies can present with scoliosis and/or kyphosis. Vertebral anomalies can range from hemi-vertebrae, block vertebrae, wedge shaped vertebrae, or butterfly vertebrae. Patients with vertebral segmentation anomalies such as hemi-vertebrae ( Figure 11 ) or mixed defects are at higher risk (35%) of having a neural axis abnormality: open and closed dysraphism, diastematomyelia, tethered cord, and Chiari malformation. 10 Open spinal dysraphism has a significant impact on the quality of life in affected children. 45 Open spinal dysraphism is characterized by a neural placode exposed through a midline skin defect on the back, in level with the cutaneous surface (myelocele) or pushed above or dorsal to the adjacent skin by the CSF anterior to the neural placode (myelomeningocele). Myelomeningocele is by far the most common open spinal dysraphism. Scoliosis often develops in children with myelomeningocele, particularly if the dysraphism is extensive. MRI is the imaging of the choice in assessing the degree of associated hindbrain herniation and in evaluating the spinal cord anatomy.
Skin covered or closed spinal dysraphism include lipomyelocele (LMC) and lipomyelomeningocele (LMMC). 46 These malformations have better prognosis because the neural tissue is covered by skin and subcutaneous tissue. They may be clinically detectable as a subcutaneous fatty mass above the intergluteal crease. 47 If the neural tissue is within the spinal canal, the malformation is classified as LMC; if the neural tissue is outside the level of the spinal canal, it is classified as LMMC.
Another condition associated with congenital scoliosis is diastematomyelia: up to 20% patients with congenital scoliosis have diastematomyelia. In >75% of cases, the osseous or fibrous septum is located distal to T7 up to the level of S1. Resection of the septum should precede surgical correction of the spine deformity. MRI depicts the septum, which may remain undetected by plain radiographs, and the anatomy of the spinal cord and canal ( Figure 12 ).
Congenital scoliosis is frequently associated with systemic abnormalities involving the cardiac, genitourinary, and gastrointestinal system (e.g., cloacal malformation). Scoliosis could also be part of a syndrome, such as Klippel Feil syndrome, VACTERL association, or horizontal gaze palsy with progressive scoliosis due to ROBO3 mutations. 48 
Other conditions
Spinal deformity occurs in the majority of cases when a disorder of the nervous system or musculoskeletal system manifests in the growing patient, such as skeletal dysplasias, myopathies, connective tissue disorders, and phakomatosis. Neuromuscular scoliosis can result from a variety of neuropathic or muscular disorders (e.g., cerebral palsy, myelodysplasia, or muscular dystrophy), but the central underlying etiology is the impaired function of the muscle forces acting on the spine leading to progressive trunk imbalance, 49 frequently resulting in exaggerated thoracic kyphosis. Skeletal dysplasia may result in scoliosis as a result of abnormal bone formation. These include achondroplasia, osteogenesis imperfecta, and osteopetrosis. Fibrous dysplasia, a benign tumor-like bone lesion, is another cause of scoliosis in the pediatric population, as it may affect the spine with the highest prevalence in the lumbar region. 50 Connective tissue disorders, such as Marfan and Ehlers-Danlos syndrome, also commonly present with associated scoliosis. The incidence of scoliosis in Marfan syndrome is reported to be as high as 60%. The scoliosis associated with Marfan syndrome is often rapidly progressive and requires surgical intervention. 51 
Conclusion
Back pain and/or scoliosis in children require careful assessment of signs and symptoms as well as appropriate diagnostic imaging, as indicated. The type of laboratory and imaging evaluations should be tailored for the individual patient: precision radiology. Imaging has an important role in the diagnosis of underlying conditions and helps guide clinical management as well as surgical planning in selected cases. 
